Abstract-This paper presents a third-order digital tunable bandpass filter based on digitally tunable capacitor loaded open ring resonator. Magnetic dominated mixed coupling is utilized to make the coupling coefficient meet the requirement of stable bandwidth response. Electric source-load coupling is designed to generate a transmission zero for improving the frequency selectivity. This filter is designed, fabricated and measured. The measurement shows that the filter can be digitally tuned by 5-bits, the fractional bandwidth is 9 ± 1%, the tuning range is from 410 MHz to 820 MHz.
INTRODUCTION
With the fast development of wireless technology, the design of tunable components such as tunable filter becomes a popular research topic for multi-band or frequency agile wireless system [1] [2] [3] [4] . Most of today's tunable filters are designed based on either mechanical tunable, magnetic, or electrically tunable resonators. Mechanical ones, and magnetic ones have high quality factor, however their bulky, cost, tuning speed limit their modern applications [5] . For electrical tunable filters, the tunable/switchable components are mainly semiconductor varactors, PIN diodes, and RF MEMS, among which semiconductor varactors are the most popular one for their fast tuning speed and low cost [6] [7] [8] [9] . However, they suffer from poor linearity [9] . Besides, semiconductor varactors need high voltage sources to bias PN junction and there is a limited power handling capability. PIN diodes with large power consumption also need high voltage bias source [10] . RF MEMS are also used to design tunable RF devices [2, [11] [12] [13] [14] . However, RF MEMS have complicated biasing schemes and stringent processing and packaging requirements. Recently, semiconductor digitally tunable capacitors (DTCs) with high power handling capability, small size and fast tuning speed are available on the market [15] . These DTCs have been used to design some digitally tunable RF filter and antenna impedance matching network [16, 17] .
In this paper, DTCs are used to design a third order microstrip tunable filter. The tunable bandpass filter is designed based on DTC loaded microstrip open ring resonators (ORR) with mixed electric and magnetic coupling. The filter is designed, fabricated and measured.
FILTER DESIGN
The configuration of the proposed tunable bandpass filter with DTC loaded ORRs is shown in Figure 1 . Magnetic dominated mixed coupling is utilized to meet the requirement of constant fractional bandwidth, and magnetic feeding is implemented to achieve impedance matching across a wide tuning range. The topology of the filter is shown in Figure 2 , and an electric sourceload coupling is introduced to generate a high-side transmission zero for improving the frequency selectivity.
The geometry parameters of the proposed filter shown in Figure 1 are:
.5, L 6 = 28.7, and L 7 = 3.8 (Unit: mm). F4B-2 (h = 0.8 mm, ε r = 2.65, tan θ = 0.001) is selected as the substrate of the filter. The 5-bit digitally tunable capacitor PE64904 is chosen as the tunable capacitor. From state 0 to state 31, the equivalent capacitance of the DTC ranges from 0.6 pF to 4.7 pF. The circuit model of PE64904 [15] is used in the electromagnetic and circuit co-simulation. Figure 3(a) shows the simulated scatter parameters of the filter. It shows that the passband of the filter can be tuned, and a transmission zero is located at the high side. Figure 3(b) summarizes the bandwidth versus center frequency for all the 32 states. It shows that the tuning range is from 410 MHz to 820 MHz, and the fractional bandwidth increases while the center frequency decreases. 
FABRICATION AND MEASUREMENT
The filter is fabricated on F4B-2 substrate (h = 0.8 mm, εr = 2.65, tan θ = 0.001) with an overall size of 60 mm × 68.5 mm, as shown in Figure 4 (a). The 5-bit DTC PE64904 is controlled by a MCU (STM8S103F3P6) through SPI (Serial Peripheral Interface). There is no analog control circuit required, and the filter can be tuned digitally. The frequency response of the filter is measured by Agilent E5071C vector network analyzer. Figure 4(d) shows the center frequency and insertion loss under the 32 command states. The result shows that the fractional bandwidth is about 9 ± 1%, and the absolute bandwidth is 54 ± 12 MHz over the center frequency tuning range from 410 MHz to 820 MHz. The insertion loss is less than 6.5 dB for all the states. The simulation matches the measurement very well.
CONCLUSION
Digitally tunable capacitor loaded open ring resonator with mixed coupling is utilized to design a third order 5-bit digital tunable filter. Based on the magnetic dominated mixed coupling, electric source-load coupling is designed to generate a high side transmission zero for improving the frequency selectivity of the proposed filter. The measured results show that the filter can be pure digitally tuned by microprocessor based control board with 5-bits, the fractional bandwidth is 9 ± 1%, and the tuning range is from 410 MHz to 820 MHz. Simulations and measurements are in excellent agreement for this filter.
